Acute traumatic spinal cord injury is a devastating event without effective therapeutic approach. The feeble plasticity of spinal cord microvascular endothelial cells (SCMECs) after trauma is one of the major causes for the exacerbation of spinal cord injury. Therefore, improving the plasticity and regeneration of SCMECs is crucial to promote recovery after spinal cord injury. For the present study, we explored the influence of exosomes derived from neural stem cells (NSCs-Exos) on the spinal cord microvascular regeneration after spinal cord injury and determined the underlying mechanisms. After the primary NSCs and SCMECs were extracted, exosomes were isolated from NSCs conditioned medium and used to co-incubated with the SCMECs in vitro, and then the effect of exosomes on the angiogenic activities of SCMECs was measured. The candidate molecules involved in the NSCs-Exos-mediated angiogenesis were screened using Western blotting. The effect of NSCs-Exos on angiogenesis and spinal cord functional recovery after injury in vivo was analyzed. The results demonstrated that NSCs-Exos could enhance the angiogenic activities of SCMECs, and were highly enriched in VEGF-A. The level of VEGF-A was downregulated in NSCs shVEGF-A -Exos and the pro-angiogenic effects on cocultured SCMECs were inhibited. Furthermore, NSCs-Exos significantly accelerated the microvascular regeneration, reduced the spinal cord cavity, and improved the Basso mouse scale scores in spinal cord injury mice. This work provides the evidence of the underlying mechanism of NSCs-Exos-mediated angiogenesis and suggests a novel therapeutic target for spinal cord injury.
Introduction
Acute traumatic spinal cord injury (SCI) is a devastating condition, leading to substantial permanent morbidity. 1 The lack of effective therapeutic approaches for SCI results in heavy burdens on families and societies. Spinal cord microvascular endothelial cells (SCMECs) damage occurs immediately after SCI, and the resulting disrupted local
Impact statement
The feeble plasticity of SCMECs after trauma is one of the major causes for the exacerbation of SCI. Therefore, improving the regeneration ability of SCMECs is crucial to promote spinal cord functional recovery after injury. Our current study uncovered that NSCs-Exos could promote SCMECs migration, tube formation and proliferation in vitro, and further identified that exosomal VEGF-A mediated the proangiogenic effect. Furthermore, we observed a remarkable microvascular density increase, spinal cord cavity shrinkage, and motor function recovery in SCI mice treated with NSCs-Exos, which confirmed the therapeutic effects of NSCs-Exos to alleviate SCI. Downregulating VEGF-A partially abolished these effects of NSCs-Exos. This is the first study to reveal that NSCs-Exos has the pro-angiogenic effect on SCMECs by transferring VEGF-A and promote microvascular regeneration and tissue healing, indicating that NSCs-Exos can become a promising therapeutic bioagent for facilitating the functional recovery of SCI.
angiogenesis, reduced blood supply, and interrupted nutrition supply contribute to the poor plasticity of the spinal cord, which is considered to be the key initiator for the secondary injury in SCI. 2, 3 Therefore, strategy to facilitate microvascular regeneration in SCI site may provide the necessary scaffolding and nutrition for nerve regeneration and then promote the neurological function recovery. 4, 5 Neural stem cells (NSCs) have a crucial role in the origination and neural tissue repair of cerebral nerve and can differentiate into neuron and neurogliocytes. 6, 7 NSCs are recognized as the most promising natural resource for the treatment of nervous system diseases due to their proliferation, renewal, and passage capacities in vivo and in vitro. 8 A previous study showed that transplantation of NSCs into the mouse SCI model significantly promoted the motor neurological function recovery after injury, indicating that NSCs can modulate the local microenvironment around the injury area. 9 Rosenzwei et al. 10 also reported that local transplantation of NSCs could markedly enhance spinalcord plasticity after SCI in primates.
Recent studies have revealed that stem cells exert the therapeutic role by secreting factors into their surroundings via a paracrine mechanism, e.g. extracellular vesicles. The emerging extracellular vesicles called exosomes, which are 40-150 nm in diameter, have attracted increasing attention in regenerative medicine. 11 Exosomes are important communication medium between cells by carrying different proteins, lipids, RNA (mRNA, noncoding RNA, etc.) and other biological macromolecules, and can affect the physiological function of target cells by regulating the gene expression or protein synthesis. 12, 13 Studies also revealed that human adipose mesenchymal stem cells (hADSCs)-derived exosomes injected in and around rodent skin wounds could significantly promote angiogenesis at the lesion site and accelerate wound healing, 14 and direct administration of exogenous stem cell exosomes could facilitate tissue regeneration and repair at the injured site. 15 Rong et al. 16 reported that NSC-derived exosomes (NSCs-Exos) attenuated cell apoptosis and neuroinflammation after traumatic SCI by mediating the activation of autophagy. Thus, the present study was designed to investigate whether NSCs-Exos has beneficial effects on SCMECs and in SCI model, and the underlying mechanisms of NSCs-Exos on neurological functional recovery after SCI were also explored.
Materials and methods

Animal ethical statement
All experiment procedures were performed according to the National Institutes of Health guidelines and were approved by the Animal Use and Ethics Committee of Central South University.
Isolation, culture, and identification of SCMECs
Primary SCMECs were extracted from the spinal cord tissue of C57 mice as previously described. 17 SCMECs were purified using CD31 after the emergence of germinal center (Figure 1(A-a) ). Briefly, the germinal centers of SCMECs were formed after culture for seven days, the SCMECs were digested using accutase, centrifuged, and co-incubated with CD31 microbeads (Miltenyi Biotec Germany), and then, the cells were passed through an MS/LS sorting column in the magnetic field. After purifying with CD31 microbeads, the cells were cultured with EBM-2 (Lonza, USA). After three days, CD31 (BioLegend USA) expression was evaluated as well as CD144 and CD146 (Abcam UK) expression using 
Isolation, culture, and identification of NSCs
A C57 mouse that was pregnant for 14 days was used. NSCs were isolated from cerebral cortex of fetal mouse as previously described. 18 NSCs were cultured in exosomefree mouse NSC culture medium (Cyagen, China) and gently introduced into the cell suspension, passed through a 500-mesh sieve, and inoculated at a density of 1 Â 10 6 /mL prior to storage in an incubator. After culturing for seven days, NSCs had a spherical appearance, as shown in Figure 2 (a), and neurospheres were centrifuged and plated in a poly-D-lysine-coated coverslip. Multipotent differentiation potentials (including astrocytes, oligodendrocytes and neurons differentiated under different conditions) of NSCs were evaluated by using the different medium. To induce NSC differentiation into astrocytes and oligodendrocyte, NSCs were cultured in DMEM-F12/ GlutaMAX TM supplemented with B27 and insulin-like growth factor 1, respectively. Positive GFAP and Olig2 staining confirmed that the NSCs had differentiated into different type of cells, the astrocytes, and oligodendrocytes. When cultured in neural basal medium, NSCs could differentiate into neurons, as confirmed by b-III tubulin immunofluorescent staining. Primary antibodies were listed as follows and diluted as recommended by the specification: Olig2 antibody (ab109186), Nestin antibody (ab6142), GFAP antibody (ab68428), and the b-III tubulin antibody (ab18207), Abcam UK.
Isolation and identification of NSCs-Exos
The supernatant was collected about every three days during NSCs culture, and the dead cells and cell fragments were removed by centrifugation (300 Â g 10 min and 2000g 30 min, respectively). After centrifuging the samples (10,000Âg 30 min), the supernatant was filtered by 0.22-lm ultrafiltration and added to the Ultra-15 centrifugal filter (100 kDa; Millipore) and centrifuged at 4000Âg to approximately a 1-mL volume. The ultrafiltration solution was washed with PBS twice, and ultrafiltrated (4000Âg) to approximately 1-mL volume. Then, 1/5 of the volume of exosome external precipitate was added to the superfiltrate. The supernatant was then kept static for 12 h; after the static incubation, the mixture was centrifuged (1500Âg 30 min) and the supernatant was removed. The isolation exosome was resuspended in 500 lL PBS and was stored in a À80 C refrigerator to be used in additional experiments. Pierce BCA protein assay kit (Thermo Fisher Scientific, USA) was used to test the exosomes protein concentration.
The exosomes suspension was mixed with 4% paraformaldehyde (PFA) and deposited on the EM grid of the formaldehyde coating. A transmission electron microscope (Hitachi h-7650, Tokyo, Japan) was used to test that the exosomes has a typical double-layer membrane structure. Nanoparticle tracking analysis (NTA) further revealed that the mean size of exosomes was 120.6 AE 1.3 nm, and the size was mainly distributed from 40 to 250 nm with a relatively normal distribution. Western blotting verified the expression of a specific marker protein in the exosomes, and as the expression of CD63 and Tsg101 proteins was also observed, monoclonal and antibody diluents were used as follows: CD63 ab217345 Rabbit 1: 1000, UK Abcam; CD81, ab109201 Rabbit 1: 1000, UK Abcam; TSG101, ab125011 Rabbit 1:2000, UK Abcam.
Western blotting analysis
Total protein extraction from NSCs and NSCs-Exos was conducted, and the protein concentrations were detected using Pierce BCA protein kit. Enhanced chemiluminescence reagents (thermoluminescent reagents, Waltham, USA) were used to determine the candidate molecules, including VEGF-A, BDNF, HMGB, Netrin 1, and CTGF, and a chemiluminescence X RS plus luminescence image analyzer (Bio-Rad) was used for imaging. A Gel-pro Analyzer was used to measure the area and gray value of each band, and the gray ratio for each group and the internal reference GAPDH was analyzed to obtain the relative expression level of proteins. Monoclonal antibody diluents were used as follows: VEGF-A, ab52917 Rabbit 1:10,000 UK Abcam; BDNF, ab108319 Rabbit 1:10,000 UK Abcam; HMGB, ab18256 Rabbit 1:1000 UK Abcam; Netrin 1, ab126729 Rabbit 1:10000 UK Abcam; CTGF, ab6992 Rabbit 1:1000 UK Abcam; GAPDH, 10494-1-AP Rabbit 1:3000 Proteintech USA.
qRT-PCR analysis
The total RNA was extracted using TRIzol (Invitrogen, CA, USA), and reverse-transcribed to cDNA using the Prime Script RT Reagent Kit (TaKaRa, Tokyo, Japan). The qRT-PCR was performed using SYBR Premix Ex Taq and specific primers for the target gene. The relative mRNA levels in the target gene were normalized to U6 expression. The expression of target gene among groups was analyzed with the 2 ÀDDCt method. The primer sequences are listed as follows: VEGF-A forward, 5 0 -CTGTCTAATGCCCTGGAGCC-3 0 , and reverse, 5 0 -ACGCGAGTCTGTGTTTTTGC-3 0 ; GAPDH forward, 5 0 -AGCAAGGACACTGAGCAAGA-3 0 , and reverse, 5 0 -GGGGTCTGGGATGGAAATTGT-3 0 .
VEGF-A deletion using shRNA
A lentivirus short hairpin RNA (shVEGF-A), and the scramble control shRNA (Con shRNA) were generated by Genechem Co. Ltd. (Shanghai, China). The virus packaging was conducted by Genechem. NSCs transfection was conducted according to the manufacturer's instructions. Briefly, the NSCs were incubated in retroviral supernatant. Then, the cells were treated with puromycin (2.5 lg/mL, Sigma) for 72 h after infection. The shRNA sequences are listed as follows: VEGF-A 5 0 -CCGGCGAGATAGAG TACATCTTCAACTCGAGTTGAAGATGTACTCTATCTC GTTTTTG-3 0 . Con shRNA: 5 0 -CCTAAGGTTAAGTCGC CCTCGCTCGAGCGAGGGCGACTTAACCTTAGG-3 0 .
Exosomes uptake assay
To further explore the characteristics and potential function of NSC-Exos, we used PKH67 (PKH67; Sigma) to label the NSC-Exos as previously described. 19 The SCMECs were incubated with the PKH67-labeled NSC-Exos. After 15 min of incubation, the SCMECs were then fixed with 4% PFA and stained with DAPI (Carlsbad, USA). The uptake of exosome by SCMECs was captured by fluorescence microscopy (Leica DMI6000B, Solms, Germany).
Effects of NSCs-Exos on SCMECs
To detect the effects of NSCs-Exos on the activities of SCMECs, the SCMECs were divided into NSCs-Exos group (100 lg/mL NSCs-Exos), the equivalent amount of PBS control group. n order to detect the role of VEGF-A in NSCs-Exos-mediated activities of SCMECs, SCMECs were cultured in EBM2 (Gibco) with different interventions: PBS, exosomes from Con shRNA-transfected NSCs, NSCs Con shRNA -Exos, and exosomes from VEGF-A-silenced NSCs NSCs shVEGF-A -Exos.
Proliferation assay. The SCMECs were inoculated into the plate and treated with exosomes. The Cell Counting Kit-8 Reager-8 reagent (Shanghai, China) was added to the medium. After 3 h of incubation, a microplate reader (Bio -680 Rad, Hercules, USA) was used for the measurement of the absorbance of each well. The average absorbance minus the blank value was used to determine cell proliferation.
Scratch wound healing test. The SCMECs were cultured in 12-wells. After the SCMECs were attached, single membranes were scratched with P-200 tips. Mitomycin-C was added to eliminate the effect of cell proliferation. SCMECs were collected at 0 h, 12 h, and 24 h after scratching. The calculation method of the SCMECs migration area is as previously described. 20 Transwell migration assay. In this study, we used 24-well transwell to observe SCMECs in their logarithmic growth stage, and a single cell suspension was prepared using medium containing a low concentration of serum (5% FBS). For each well, 1 Â 10 4 cells were used, and three replicates in each group were added to the upper compartment. Another 500 lL of complete medium was added along with different groups of exosomes (100 lg/ mL) or the equivalent amount of PBS. After culturing the cells for 24 h, formaldehyde was used to fix the samples and crystal violet staining was used for observation. Five areas were counted and averaged.
Tube formation analysis. Cold Matrigel (50 lL) was added to 96-well plate, and spread evenly on the bottom; then, the plate was incubated at 37 C incubation to solidify the gel. SCMECs were added to the 96-well plate, and each well contained 2 Â 10 4 cells. Tube formation was observed under a microscope (Â100) after 6 h of culture with different treatment.
Construction of mouse SCI model and NSC-Exos treatment
Adult female C57BL/6 mice (25-30 g) were obtained from the Animal Center of Central South University and were housed with free access to food and water. Total 40 experimental mice were randomly divided into the: Sham group (sample size ¼ 10), PBS group (sample size ¼ 10), NSCs shVEGF-A -Exos group (sample size ¼ 10), and NSCs Con shRNA -Exos group (sample size ¼ 10). Mouse was sacrificed 7 days and 28 days after injury. All the mice in the four groups underwent thoracic vertebral laminectomy of level 10 (T10), and the SCI modeling was conducted using the modified Allens method to simulate moderate contusion except the Sham Group. 21, 22 Briefly, after anesthetizing with pentobarbital sodium (Sigma), a laminectomy at T10 level was performed and subjected to contusive SCI with moderate severity impact (8 g weight Â 3 cm vertical height free falling). For different intervention groups, 100 mL PBS, 200 mg NSCs shVEGF-A -Exos in 100 mL PBS, and 200 mg NSCs Con shRNA -Exos in 100 mL PBS were injected into the tail vein of each mouse, respectively, at 30 min after SCI tills on 3, 6, 9, and 12 post-SCI, respectively.
Lectin staining and microvessel counting
The angiogenesis occurs on day 3 and end ups at 10 days after SCI, 4 so we chose a time point of seven days to observe the vascular recovery. At a given specific time point after observation, the spinal cord vasculature of mice was labeled by tail vein injection of fluorescence-conjugated tomato lectin (Sigma USA), and then the spinal cord, including the T10 level, was harvested to analyze the difference in microvascular density among groups after treatment. Coronal cryostat sections of 15 lm were prepared for microvessel counting using IPP 6.0 (Media Cybernetics). The microvessels counts were calculated as the mean of the number of microvessels obtained from six images.
Behavioral assessment
Locomotion deficits of mice after SCI were measured in an open field according to the BMS Locomotor Rating Scale. 23 The locomotion evaluation was performed before surgery and 1, 3, 7, 14, 21, and 28 days after SCI.
H&E staining and lesion area measurement
At a given specific time point after observation, the spinal cord, including the lesion area at T10, was harvested and prepared for H&E staining to analyze the lesion area among all groups. After deeply anesthetized, mice were transcardially perfused with saline solution and 4% PFA for vessel fixation. The spinal cord was embedded in paraffin, sectioned with 5-lm-thickness in the sagittal plane, and stained with H&E. The section was observed with an Olympus photomicroscope (magnification, Â400). The lesion area was measured using IPP 6.0 (Media Cybernetics).
Statistical analysis
The experimental data were presented as mean AE standard deviation (SD). One-way analysis of variance (ANOVA), followed by the Bonferroni post hoc test was used to assess the significance of differences among different groups. Statistical analysis was performed using GraphPad Prism 7.0 software, and statistically significant differences were considered to be P < 0.05.
Results
Characterization of SCMECs
The colonies of SCMECs appeared at three days after the initial separation (Figure 1(a) ). Flow cytometry showed that the surface markers of SCMECs, including CD31, CD144, and CD146, were highly positive. CD31-positive cells accounted for 72.41%, CD114-positive cells accounted for 82.85%, and CD146-positive cells accounted for 83.75% of the total cells (Figure 1(b) ).
Characterization of NSCs and NSCs-Exos
The NSC neurospheres appeared seven days after the initial separation (Figure 2(a) ). Nestin-positive NSCs could differentiate into astrocytes, oligodendrocytes, and neurons under different culture conditions. Astrocytes were large cells with many short protrusions, stellate appearance, abundant cytoplasm, and large nucleus. GFAP-positive cells accounted for 29.8% of the total differentiated cells. The neurons were small and round, with regular shape, smooth edges and spindles, and had 2-3 long protuberance. b-III tubulin-positive cells accounted for 31.8% of the total differentiated cells. Oligodendrocytes were smaller than astroglia, the cell process was short and less, the nucleus was round, small, and dense. Olig2-positive cells accounted for 9.8% of the total differentiated cells. NSCs could differentiate into neurons and glial cells caused by adding into different culture and differentiation conditions (Figure 2 (b) to (e)). The vesicles isolated from NSCs conditioned medium were goblet or globular in shape with an average diameter of 120.6 AE 1.3 nm (Figure 2 (f) to (g), whose morphology was consistent with those previously reported. 11 Western blot testing identified the exosomal markers, including CD 63 and TSG 101, which further confirmed the exosome identity (Figure 2(h) ).
NSCs-Exos promote the angiogenic activities of SCMECs
The NSCs-Exos were transferred to the SCMECs perinuclear region after 12 h co-culture, which indicated that NSCs-Exos could be internalized into the SCMECs and mainly accumulated in the cytoplasm (Figure 3(A-a,b) ). The percentage of PKH67-positive cells was 67.8 AE 8.8% (Figure 3(A-c) ).The results of functional experiments showed that the proliferation of SCMECs significantly enhanced under exosome stimulation (Figure 3(b) ). NSCs-Exos treatment also promoted the migration of SCMECs, as demonstrated by the scratch trauma test (Figure 3 (c) and (d)) and cross-well migration test (Figure 3 (e) and (f)). Furthermore, compared with the control group, the SCMECs co-cultured with NSCs-Exos showed a more capillary-like structure. Quantitative analysis showed that the NSCs-Exos group had a remarkable increase in the total branching points, tube length, and loops of SCMECs (Figure 3(g) and (h) ). The results revealed that NSCs-Exos could promote the angiogenic activities of SCMECs and may facilitate SCI repair.
Identification of candidate functional molecules in NSCs-Exos
To screen potential functional molecules in NSCs-Exos, we extracted the proteins in NSCs-Exos and determined VEGF-A, BDNF, CTGF, Netrin 1, and HMGB content. Western blot analysis showed that the VEGF-A content in NSCs-Exos was significantly higher compared with other angiogenesis-related proteins (Figure 4(a) and (b) ). Furthermore, VEGF-A content in NSCs was significantly lower than that in NSCs-Exos (Figure 4(c) and (d) ).
VEGF-A mediates the proangiogenic effect of NSCs-Exos
To further explore the function of VEGF-A in endothelial angiogenesis induced by NSCs-Exos, VEGF-A-silenced shRNA (shVEGF-A) and control shRNA (Con shRNA) were transfected into NSCs, respectively. The VEGF-A expression could be downregulated by shVEGF-A, and Western blot analysis confirmed that VEGF-A level decreased in NSCs shVEGF-A -Exos (Figure 4(e) and (f) ). The CCK-8 experiment (Figure 5(a) ), scratch woundhealing analysis (Figure 5(b) and (c)), and transwell assay ( Figure 5(d) and (e)) demonstrated that the capability of NSCs shVEGF-A -Exos to promote the SCMECs proliferation and migration was attenuated. In contrast to the NSCs Con shRNA -Exos treatment group, fewer tubular structures were formed on the matrix gel when SCMECs treated with NSCs shVEGF-A -Exos ( Figure 5(f) ). The downregulation of VEGF-A level in NSCs shVEGF-A -Exos was further confirmed to inhibit the tube formation by quantitative analysis of the total branching points, tube length, and loops of SCMECs ( Figure 5(g) to (i)). In general, our results suggested that exosomal VEGF-A was necessary to promote angiogenesis in the spinal cord.
Exosomal VEGF-A accelerates the spinal microvascular regeneration of mice after SCI
The spinal cord microvessel count was determined in four groups (Sham, PBS, NSCsshVEGF-A-Exos, and NSCsCon shRNA-Exos groups) at seven days after SCI, and the results demonstrated that compared to the PBS and NSCs shVEGF-A -Exos treatment groups, the microvascular density of the NSCs Con shRNA -Exos group was significantly higher (Figure 6 (a) and (b)) than that of the PBS and NSCs shVEGF-A -Exos groups.
Exosomal VEGF-A reduces the lesion area and promotes spinal cord functional recovery after injury H&E staining revealed that the integrity of the spinal cord was destroyed and local cavity formed after SCI, and histopathological changes in the PBS and NSCs shVEGF-A -Exos groups were similar. Nevertheless, the spinal cord cavity in the NSCs Con shRNA -Exos group significantly shrinked compared with the other two SCI groups, as shown by the quantitative analysis of the cavity area (Figure 7(a) and (b) ). The functional recovery of mice was observed for three weeks after SCI modeling in four groups to explore whether treatment with NSCs-Exos could rescue the locomotion. BMS score in SCI groups (i.e. PBS, NSCs shVEGF-A -Exos, and NSCs Con shRNA -Exos groups) rapidly decreased just after contusive SCI. The motor function of hindlimbs improved gradually during the evaluation period in the SCI groups, as demonstrated by increased BMS score. At three days post SCI, the BMS score in the NSCs Con shRNA -Exos groups (1.40 AE 0.55) showed a better functional recovery than control (0.60 AE 0.55) and NSCs shVEGF-A -Exos groups (0.80 AE 0.45). On the 7th day, the BMS score in the NSCs Con shRNA -Exos groups (2.80 AE 0.83) is significantly higher than control (2.00 AE 0.70) and NSCs shVEGF-A -Exos groups (2.40 AE 0.55). On the 28th day, the BMS scores for PBS, NSCs shVEGF-A -Exos, and NSCs Con shRNA -Exos groups were 4.30 AE 0.95, 5.10 AE 0.57, and 6.70 AE 1.25, respectively. As expected, the NSCs Con shRNA -Exos group showed better BMS scores than the other two SCI groups (Figure 7(c) and (d) ). There was no difference in regarding to BMS score between PBS, NSCs shVEGF-A -Exos groups.
Discussion
Our present study revealed that NSCs-Exos could promote SCMECs migration, proliferation, and tube formation in vitro and further identified that exosomal VEGF-A mediated the pro-angiogenic effect. Furthermore, we observed a remarkable microvascular density increase, spinal cord cavity shrinkage, and motor function recovery in SCI mice treated with NSCs-Exos, which confirmed the therapeutic effects of NSCs-Exos to alleviate SCI. Downregulating VEGF-A partially abolished these effects of NSCs-Exos. This is the first study to indicate that NSCs-Exos can exhibit pro-angiogenic effect on SCMECs by transferring VEGF-A and promote microvascular regeneration and tissue healing, indicating that NSCs-Exos can become a novel regulator in SCI therapy.
Acute traumatic SCI is a devastating condition, and vascular damage occurs immediately after SCI, which eventually impaired angiogenesis. In this study, we demonstrated that spinal cord microvascular density decreased in SCI mice, which suggested that SCI led to SCMECs angiogenesis dysfunction and was consistent with previous reports. 24 NSCs-based therapy has been taken into account as an ideal candidate for the CNS injury. It has been reported that transplanted NSCs could promote functional recovery in acute SCI 7,25 by differentiating into neurons 26, 27 and/or secreting a series of angiogenic factors. 28, 29 Nevertheless, the CNS environment around the SCI site is generally not conducive to neuroregeneration. 30 The difficulty of integrating into host tissue, low angiogenic ability, and survival rate of transplanted NSCs influences the outcome of SCI treatment. 25, 30 Recently, Ratajczak et al. 31 reported that the extracellular vesicles secreted by transplanted NSCs or NSCs-Exos play a vital role in NSCs-mediated paracrine effects. Exosome-based cellular therapy has become an attractive method of tissue engineering due to the following advantages: without risk of immunological rejection, tumorigenicity, and vascular occlusion, high stability, convenience of accessing to wound sites, and decreased potential risks of stem cell therapies. 32, 33 Thus, to investigate the effects of NSCs-Exos on SCMECs, we cocultured NSCs-Exos with the SCMECs in vitro and found that SCMECs proliferation, migration, and tube formation were significantly enhanced by NSCs-Exos. Our data indicated that NSCs-Exos might improve the angiogenesis abilities of SCMECs, exerting potential therapeutic effects on SCI.
As we know, exosomes can deliver proteins into the target cells through fusing with cellular membranes of recipient cells. 34, 35 To determine the functional protein molecules involved in NSCs-Exos-mediated pro-angiogenesis, several angiogenesis-related proteins were measured in NSCs-Exos as well as NSCs. The results showed that VEGF-A content of NSCs-Exos was the highest among the angiogenesis-related proteins, and the VEGF-A was rich in NSCs-Exos rather than NSCs. VEGF-A is an important growth factor in promoting vascular endothelial cells angiogenesis and maintaining vascular integrity. 36 To investigate whether VEGF-A is the key molecular for the observed effects of NSCs-Exos on SCMECs, we tested the role of VEGF-A-knockdown NSCs-Exos in regulating SCMECs angiogenesis. It has been reported that the contents of exosomes could be engineered by modifying the parent cells, 37 and shRNA transfection has been identified as a good tool to modify the exosome contents. In this study, we generated VEGF-A-down expressing NSCs-Exos from shVEGF-A-transfected NSCs. We found that compared with NSCs Con shRNA -Exos, the level of VEGF-A was downregulated in NSCs shVEGF-A -Exos and the migration, proliferation, and tube formation abilities of cocultured SCMECs were inhibited. This indicated that VEGF-A can be delivered to SCMECs from NSCs by NSCs-Exos, which suggested that NSCs-Exos exerted pro-angiogenic effects on SCMECs probably due to their carried VEGF-A. The role of VEGF-A in promoting vascular endothelial cells angiogenic function is consistent with the previous reports. 38 Finally, the results from the in vivo experiments in SCI mice demonstrated that treatment with NSCs-Exos resulted in the local microvascular density increase, spinal cord cavity shrinkage, and motor function recovery. Meanwhile, the inhibition of VEGF-A in NSCs-Exos led to the suppression of the therapeutic effects, which indicated that exosomal VEGF-A promoted the spinal cord microvascular regeneration and functional recovery after SCI. Acute contusive SCI results in widespread blood vessels damage and consequent local hypoxia within the adjacent to the injury site, which is harmful for nervous tissue regeneration and repair. 39 Thus, NSCs-Exos exerted therapeutic effects in SCI via promoting angiogenesis due to their carried VEGF-A. Notably, the effect of NSCs-Exos on angiogenesis was not completely eliminated by the inhibition of VEGF-A, which suggested that other molecules or signaling pathways may play a role in regulation of microvascular regeneration. The next step in our ongoing research is to conduct proteomics studies to explore the functional proteins involved in pro-angiogenesis and axonal regeneration of NSCs-Exos.
In conclusion, the results demonstrated that NSCs-Exos transferred VEGF-A into SCMECs and promote the angiogenic activities of SCMECs, and treatment with NSCs-Exos could facilitate neurological function recovery after SCI, which largely attributed to the pro-angiogenic effects of VEGF-A. Therefore, NSCs-Exos with high level of VEGF-A could be potential therapeutic strategy for SCI management and promising area of interest for future clinical trials. However, due to the insufficiency in the investigation on the role and mechanism of exosomal VEGF-A in the angiogenesis and microenvironment of SCI, further experiments are required to further elucidate the intrinsic mechanisms.
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